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A B S T R A C T
In this paper we present a detailed spatial assessment of the association between atmospheric synoptic condi-
tions (the weather types, WT) and fires on the Spanish mainland. The WT approach allows the continuum of
atmospheric fields to be compressed into a few comprehensive patterns, providing meaningful information on
the movement of air masses, wind direction and, ultimately, wind speed. We analyzed a total of 291,547 in-
dividual fires from the official Spanish Fire database (1974–2014) and corresponding daily WT patterns on the
Iberian Peninsula from the daily NCEP/NCAR Reanalysis database, 1951–2015. Underlying spatial patterns of
association among fire and weather types were explored by means of self-organizing maps (SOM) coupled to
hierarchical clustering.
Our analyses have detected that fires tend to occur and become largermore likely under certain atmospheric
conditions suggesting that specific weather patterns can promote or boost fire events. From a pyrogeographical
point of view, the contribution of WTs to wildfires on the Spanish mainland seems to be highly diverse, and
displays several temporal and spatial patterns. The northwest region responds mostly to eastern flows during
summer and southern during winter. Fires in the northern Mediterranean coast are promoted by northerly flows
while in southern regions fires are linked to C or SE extreme heat episodes during summer. Overall, fires activity
usually increases in the lee ward of mountain ranges depending on the prevalent flow from WTs, and thus related
to adiabatic heating of the air flow.
1. Introduction
Wildfires are recognized as one of the major and recurrent hazards
in Mediterranean environments, with a wide range of impacts on hu-
mans and ecosystems (San Miguel-Ayanz et al., 2013), as a result of a
complex human–environment interaction (Koutsias et al., 2012; Krebs
et al., 2010; Liu et al., 2012; Liu and Wimberly, 2015). Nevertheless, it
is commonly accepted that over 90% of wildfires are man-made due to
agricultural practices, negligence or premeditated actions (Leone et al.,
2003; Martínez et al., 2009; San-Miguel Ayanz and Camia, 2009).
The total area affected during wildfires depends on the topography
and fuel, among other factors (Papadopoulos et al., 2013), with weather
conditions widely accepted to be a crucial factor during initial fire ig-
nition and propagation stages (Thompson et al., 2011; Benson et al.,
2008; Ruffault et al., 2017b; Russo et al., 2017).
According to pyrogeography – the study of the spatial distribution of
fire across space – favorable weather and climate situations control fire
conditions (Meyn et al., 2007; Parisien and Moritz, 2009). In this re-
spect, understanding the relative influence of weather on fire incidence,
as well as its potential underlying patterns, may lead to improving fire
management strategies. Thus, larger fires have been detected under
high temperatures and dry conditions in southern Europe (Camiá and
Amatulli, 2009; Urbieta et al., 2015), the Iberian Peninsula (Trigo et al.,
2016) and Spanish mainland (Piñol et al., 1998; Turco et al., 2013),
where an increased contribution from climate factors on fire ignition
was reported by Rodrigues et al. (2016). Weather also controls how
fires behave: high temperatures and low humidity dry out fuels to speed
up burning (Cardil et al., 2014); wind moves wildfires across land-
scapes, while also supplying oxygen (Salis et al., 2016); finally, rain and
high humidity can slow or even extinguish fires, whereas storms can
cause fire activity to increase or become completely unpredictable.
The atmospheric conditions are represented in the atmospheric
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synoptic chart (the well-known Weather Chart) which summarizes the
continuum of atmospheric pressure fields from which stability or in-
stability and main flow direction can be deduced. This document has
been used to produce the Weather Type (WT) classification that aims to
categorize the perhaps infinite situations of atmospheric synoptic con-
ditions, represented by the daily weather chart, into fewer and a more
manageable number of classes (Trigo and DaCamara, 2000). Following
this argument, WTs have been associated with different processes in
many research areas, including their relationship with precipitation
(Cortesi et al., 2014; Fernández-González et al., 2012; Hidalgo-Muñoz
et al., 2011), temperature (Peña-Angulo et al., 2016), air quality
(Collaud Coen et al., 2011), atmospheric pollution and human health
(Liao et al., 2017; Royé et al., 2016; Santurtún et al., 2015). They have
also been used to analyze geomorphological processes (Foster and Lees,
1999; Nadal-Romero et al., 2015; Wilby et al., 1998), run-off
(Fernández-Raga et al., 2010), and a variety of natural hazards (Messeri
et al., 2016; Teale et al., 2017). Finally, the relationship among WTs
and fire activity has been previously studied in certain European re-
gions, such as the Alps (Wastl et al., 2013), the Eastern-Mediterranean
(Paschalidou and Kassomenos, 2016), France (Ruffault et al., 2017a,
2017b) and the Iberian Peninsula (Trigo et al., 2016). In the Medi-
terranean basin, synoptic high pressure conditions were linked to
winter fires (Paschalidou and Kassomenos, 2016), while cyclonic con-
ditions were thought to trigger summer events (Ruffault et al., 2017b).
However, the majority of these analyses focused on the relationship
between weather and burned area, disregarding their role in fire igni-
tion or seasonal differences; a recent exception is the paper by Duane
and Brotons (2018) who describe the effect of southerly patterns on
large fires.
From an environmental point of view, fires are one of the most
important challenges on the Spanish mainland, where gross climate
division is the result of its latitudinal position between two contrasting
water masses (the Atlantic Ocean and the Mediterranean Sea), and the
mostly west to east spatial distribution of mountain ranges (Cortesi
et al., 2014; Peña-Angulo et al., 2016) (Fig. 1). These factors, coupled
with different air masses during the year, explain the spatial gradients
of temperature and precipitation (Martín-Vide and Olcina, 2001) that
may cause the spatial differences in fire-prone weather conditions
(Montserrat, 2000). Therefore, Spain is usually divided into three major
climatic areas: (i) the north coastland; (ii) the central-west to south-
west regions; and (iii) the eastern Mediterranean coastland. A recent
paper by Jiménez-Ruano et al. (2017) reported an increase in fire ac-
tivity in the north-western area of Spain, which is one of the most fire-
affected regions in Europe (Koutsias et al., 2016). Furthermore, winter
fire frequency and large fires have been increasing in Spain since 1974,
partially induced by human activities (Moreno et al., 2014), but also
related to climate factors (Cardil et al., 2014, 2013; Duane and Brotons,
2018; Rodrigues et al., 2018).
In this research, we present a spatial analysis of the association
between atmospheric synoptic weather conditions (the weather type,
WT) and wildfires on the Spanish mainland. The paper especially ad-
dresses the influence of short-term WTs on fire occurrence and burned
area, and the seasonal dissimilarities between winter and summer. In
particular, we have analyzed the relationship among fires and WTs
from the Spanish Fire Database (1974–2014) and the Weather Types
(WTs) estimated from the NCEP/NCAR Reanalysis data. Our main goals
were (1) to identify the main atmospheric synoptic patterns expressed
by WTs associated with fire, both in terms of occurrence (number) and
burned area, (2) to find any differences between winter and summer
fires consistent with WTs, and (3) to detect spatially homogenous zones
of fire WTs (e.g., WTs associated with fire incidence).
2. Materials and methods
2.1. Study area
The study area encompasses the whole of mainland Spain (Fig. 1).
From a climatic perspective, this area is characterized by contrasting
climatic conditions from Cf oceanic humid conditions in the north-west
to Mediterranean Cs and steppe BS types in the center, south and east.
Botanical and biogeographical studies divide Spain into two main areas:
the Eurosiberian region, located in the northwest, and the Mediterra-
nean region, covering the remainder. The Eurosiberian area is mostly
covered by deciduous and evergreen oak and ash woodlands (Quercus
robur, Fraxinus excelsior and Fagus sylvatica); forest plantations of Pinus
radiate and Eucalyptus globulus cover large areas. On the other hand, the
Mediterranean region displays complex mosaics of agricultural systems
and plant communities. Sclerophyllous and evergreen vegetation, such
as Quercus ilex, Quercus suber and thermophilous scrublands dominate
the region, whereas forest systems mainly consist of pine species (Pinus
halepensis, Pinus sylvestris, Pinus nigra, Pinus pinea or pinaster), see Fig. 1.
2.2. Weather type classification
Historically, the WT approach includes subjective classifications
based on the opinions of experts (e.g. Lamb, 1972), and others based on
Fig. 1. Study region. Left, relief and main mountain ranges; right, spatial distribution of main cover types according to Corine Land Cover 2000.
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automatized techniques (Yarnal et al., 2001; Huth et al., 2008; Phillip
et al., 2010). Amongst these, the subjective one proposed by Lamb
(1972) for the British Islands, adapted to an objective algorithm by
Jenkinson and Collison (1977), improved later by Jones et al. (1993),
and adapted to the Iberian Peninsula by Trigo and DaCamara (2000), is
one of the most widely used, because of its feasibility. In the classifi-
cation identifying the daily circulation weather types, the direction and
strength of airflow, and cyclonic conditions from sea level pressure grid
are calculated.
The normalized procedure of daily classification includes a set of 15
total pressure values around the target ones (16 sea level total pressure
values, see Fig. 2), in which the following indices are calculated:
southerly flow (FS), westerly flow (FW), total flow (F), southerly shear
vorticity (ZS), westerly shear vorticity (ZW) and total shear vorticity
(Z). The six indices, formulae and rules can be found in Trigo and Da
Camara (2000) and they enable 26 different circulation WTs to be de-
fined on a daily scale, usually grouped into three main classes: eight
pure directional types defined by their compass direction, two pure
types controlled by the strength of geostrophic vorticity (anticyclonic A,
cyclonic C), and sixteen hybrid types that combine the previous ones
(see Trigo and Da Camara, 2000; Cortesi et al., 2014). The classification
has been broadly used for studying climate variability in the Iberian
region and has shown the high capability of WT to identify spatial and
temporal relationships with temperature and precipitation (Cortesi
et al., 2014; Peña-Angulo et al., 2016). At the root of this relationship, it
must be understood that WTs provide information on the main direc-
tion of air masses, i.e. where the air comes from.
The method was applied to daily pressure data of the 14 nodes
covering the Spanish mainland and Balearic Islands from the grid points
of the NCEP/NCAR Reanalysis database (1951–2015); grid nodes were
spaced across latitude 2.5° and longitude 2.5º (Fig. 2). The 26 WTs
obtained on a daily basis were recoded according to the directional
component to obtain a final set of 10 WTs (N, NE, E, SE, S, SW, W, NW
and pure A and pure C). This reclassification was due to simplifying the
original 26 classifications into a more manageable number, and because
we were mostly interested in the provenance of the air mass rather than
its specific barometric properties. For detailed analyses of reclassifica-
tion and procedures for analyses on the Iberian Peninsula, see Cortesi
et al. (2014) and Peña-Angulo et al. (2016).
2.3. Fire data
Fire data was provided by the Ministry of Agriculture, Food, and
Environment, compiled by the Forest Fire Department. Database re-
ports include information on the starting point of fire (recorded on a
10 x 10 km reference grid), total burned area, ignition source, etc. The
period from 1974 to 2014 was analyzed, as prior to this, fire events had
only been recorded at province level and thus information was not
available at grid scale. A total of 291,547 events were analyzed with
information retrieved for each one on the detection date (to match with
WT), initial grid point location, and total burned area. We discarded
small fires (less than 1 Ha burned) or those with insufficient data (lo-
cation or size).
Fig. 3 shows the spatial distribution of total fires and surface burnt
in the long summer (May to September) and long winter (October to
April) seasons. Irrespective of the season, there are areas in which a
high number of fires were found, and the total land burnt reached
2,000 ha, although with apparent differences between the long seasons
of winter and summer.
2.4. Analyses
We approached the fire-WT relationship in three steps: (1) first, by
analyzing the spatial frequency distribution of fire under different WTs;
(2) next by investigating the relationship among WTs and burned area;
(3), finally, by attempting to identify spatial aggregation of fire activity
according to WT. All the analyses were carried out by dividing fire data
into long summer and long winter seasons, given the well-known intra-
annual distribution of fire frequency and burned area in the Iberian
Peninsula. Data analyses were performed at global scales in steps 1 and
2, and from the grid cell fire database, i.e. at local scale.
All statistical procedures, maps and plots used the R statistical
programming language (R Core Team and R Development Team Core,
2017), packages nortest for normality tests; dunn.test for multiple com-
parison; rgeos, raster and rgdal for spatial data manipulation; kohonen,
nbClust and factoextra for cluster analysis; and ggplot2 for mapping and
plotting.
2.4.1. Fire frequency and WTs
Each single fire event was added to its corresponding grid cell and
assigned to the closest WT node (see Fig. 2). They were then classified
according to the WT observed on their respective ignition dates.
The WTs do not occur equally across time, with certain WTs being
more frequent than others. Therefore, we hypothesized that, if fire oc-
currence was random, the observed frequency of fires for each WT must
follow the same distribution as that from expected WTs; otherwise, we
could infer that the frequency of fires would tend to occur during specific
WTs. To test the independence of the frequency of fires and WT, we
applied the 2 test comparing the frequency distribution of fires ac-
cording to WTs, and the frequency distribution of WTs at annual scale.
Fig. 2. Left, location of SLP nodes in the NCEP/NCAR Reanalysis; right, an example of node selection from the database to calculate WT in northeast of Spain.
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2.4.2. Total burned area and WTs
The second step of our analyses was to detect whether WTs influ-
enced the size of the fires, i.e.: if specific WTs promoted larger fires. In
this case, because of non-normality of data, we applied the multiple
comparison test with unequal sample sizes by Kruskal and Wallis
(Kruskal and Wallis, 1952; Wheater and Cook, 2000) and a posteriori
Dunn´s test (Dunn, 1964), under the H1 > H0 hypothesis, i.e.:whether
there is a statistical significance in fire size (being larger) under a
specific WT than the area burned under other WT conditions.
2.4.3. Spatial aggregations of WTs
The objective of the spatial aggregation analysis is to group fire grid
cells (Fig. 3) into clusters of WTs so that fires within one cluster share
more in common with each another than they do with the fires in other
clusters. The analysis of spatial aggregations of WTs was performed
with Self Organizing Maps (SOM) combined with hierarchical clus-
tering on fire data to WT and fire grid cell. To reduce the amount of
inputs, we selected cells with more than 5 summer fires (87.8% of fires),
and 5 winter fires (86.0% of fires), with 112 ha burned in summer
(97.7%) and 54 ha burned in winter (96.9%). These thresholds are all in
the 3rd quartile of the overall distribution of fire frequencies and burned
area per season.
The SOM (20 × 20 SOM-grid, 10,000 iterations and learning rates
from 0.1 to 0.0001) and hierarchical clustering were used to build the
final clusters per fire feature and season. SOM enabled pre-classification
of fires over a 2-dimensional 20 × 20 SOM-grid, so that each fire was
allocated in a node. Next, hierarchical clustering was applied to SOM
grid nodes. We retrieved 4 sets of clusters (summer/winter ignitions
and burned area). Several parameterizations were explored before
eventually selecting the Euclidean distance and ward.D2 agglomeration
criterion (Sorensen, 1948) for fire frequency, and canberra and complete
for the burned area. A key step towards a successful cluster analysis is to
determine the amount of clusters. We optimized the proposed clus-
tering strategy using the nbClust R package using all indexes according
to the highest ranked number of clusters. The nbClust implements 30
indices based on different criteria, a brief description of which can be
found in (Charrad et al., 2014), along with further references to each
index.
Fig. 3. Spatial distribution of fire activity 1974–2014 at fire grid level. Top, number of fires; bottom burned area (Ha); left, summer fires; right winter fires.
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3. Results
3.1. Fire frequency and WTs
The total observed distribution of fires per WT and the frequency
distribution of WTs are presented in Fig. 4 for summer and winter.
According to the 2 test, the distribution of fire occurrence per WT
differs significantly from the WTs observed in both seasons (p < 0.05),
and consequently, it can be assumed that fires generally tend to occur
under specific atmospheric conditions.
During summer, the largest number of fires occurred under E sy-
noptic WT conditions (> 20% of total fires), followed by C, NE, and SE
(each with > 10% of total fire). Fire frequency under these WTs was
higher than the total frequency, except for NE. These results suggest
that in summer, fire frequency tends to accumulate under these sy-
noptic patterns (66,8% of total fires) in particular. In Fig. 5, we show
the sea level pressure pattern for C, E, NE and SE weather types. Except
for the C type, the Azores high-pressure center plays a major role de-
pending on its position.
Winter displays a different pattern. While, as in summer time, fires
tend to concentrate under E synoptic pattern again (although to a lesser
extent), fire frequency is also high under SW and SE synoptic conditions
(all > 10% of total fires), while the A type emerges. We also noticed
that frequency distribution of WTs differ from that of summer time. It is
worth highlighting the fact that the relationships between fires and WT
in winter are very different from those in summer, and fires are parti-
cularly concentrated in southerly WTs such as SE, SW and S. In contrast
with summer, fire frequency under C decreases whereas it increases
under SW, both in terms of WT frequency and fires triggered under
these conditions. Finally, we especially noticed the high fire frequency
under A conditions in winter months. Fig. 6 shows the A and SW pattern
of sea level pressure.
3.2. Burned area and WTs
General statistical descriptors of summer and winter fires are pre-
sented in Table 1. In general, the mean size of summer fires is higher in
all WTs (> 20 Ha) than in winter (< 20 Ha, except NW); the highest
number of fires was found under E atmospheric conditions, and total
burnt area was over 1 million ha under C and E. Meanwhile, in winter
the total burnt area never exceeds 350,000 ha and, except under NW
conditions, mean values never reach 20 Ha. It is striking that under C
Fig. 4. Summer (left) and winter (right) frequency distribution of fires by WT (blue) and total WT frequency daily distribution (orange). Data rounded (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).
Fig. 5. Sea surface pressure under C and E (top), NE and SE (bottom) Weather Types.
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conditions the total burnt area decreases considerably with respect to
summer.
The results from the comparison of fire size under different WTs are
presented in Tables 2 and 3. Global results suggest that during the long
summer season (Table 2), fire size under C and E synoptic conditions is
usually significantly higher than those burning under northerly flows
(NW, N, NE) and W, but do not greatly differ from fires triggered under
southerly flows (SW, S, SE). In addition, total fire size under northerly
flows is usually smaller than with southerly flows (SW, S, and SE). It is
interesting to note that fire size under an A synoptic WT is significantly
smaller than with any WT except NE and W.
Table 3 shows the results of the pairwise comparison for winter. Fire
size under southerly (SW, S, SE), and W patterns is normally higher in
comparison with other WTs. Unlike summer, the fires under A synoptic
conditions are significantly higher than those burned under northerly
flows (NW, N, NE) or cyclonic conditions. It is also noticeable that, in
winter, fire sizes are much more variable under the different WTs than
in summer (see Table 1).
3.3. Spatial aggregation of fire and WTs
Cluster analysis was applied to fire frequency and burned area data
in the long summer and long winter, separately.
3.3.1. Fire frequency
The spatial distribution of burned cells during summer can be
grouped into 4 clusters that show clearly dissimilar patterns and asso-
ciation with WTs (Table 4). The spatial pattern (Fig. 7) is dominated by
Cluster 4, which includes more than 50% of total summer fires
(> 90,000 fires), while Clusters 1, 2 and 3 each include less than 20%
(< 30,000 fires). The global relationship among WTs and clusters
suggests that the most conspicuous synoptic weather patterns in
summer are C, followed by E and SE, due to their contribution to each
cluster. As a general summary, cluster analyses of summer fire
frequency indicate (i) the weak effect of westerly flows on fires
(never > 10%), (ii) the global effect of C synoptic WT conditions pro-
ducing at least 10% of fires in any cluster, and (iii) the generalized
effect of easterly flows (NE, E, SE).
Cluster 1 includes 36.1% of the analyzed area (grid cells) and 16.3%
of events. The cluster aggregates fires mostly related to SE (34.7%) and
C (30.9%) WTs. These fires are mainly located in the mid-southwestern
area of Spain along the edges of the Guadalquivir basin and south of the
Sistema Central range. The cluster characterizes many sites (cells), al-
though with few fires (16.3%), suggesting that recurrence on the same
site is low (Fig. 7). Cluster 2 comprises 11.6% of the area and 8.2% of
fires, It is related to mainly easterly patterns (NE, E, SE), with SE and
NE causing the most fires; also N, S and C conditions are linked to more
than 10% of ignitions; fires were most frequently located in the extreme
northeast of Spain and the mid-western areas of the south face of the
Sistema Central range (Fig. 7). Cluster 3 is the smallest in terms of area
affected (9.9%) and fire counts (10.7%). The events are mostly related
to E and, to a lesser extent, SE flows, affecting the coastland areas north
of the Cantabrian Mountain range. Also more than 10% of fires arise
under C and A patterns. Finally, Cluster 4 represents the most wide-
spread combination of fire frequency during summer (Fig. 7); it in-
cludes 42.4% of total area and 53.2% of summer fires. The cluster is
characterized by the E synoptic WT conditions (35.7% of fires), fol-
lowed by NE (18.4%); as with cluster 3, the A and C synoptic WTs cause
more than 10% of fires, but not the SE type. The fires are distributed in
two highly contrasting areas, but which are both severely affected by
fire.: the extreme northwest and along the Mediterranean coast in the
east. This cluster features the largest amount of fires. Finally, there are
analogies with cluster 3 in respect of WTs, except that the SE changes to
NE in cluster 4.
The association between fire ignition and WTs during winter is
different from summer, and no generalized WTs emerge from the
clusters (Table 5; Fig. 8). Consequently, more WTs seem to be asso-
ciated to fire ignition in winter than in summer at the local scale. We
Fig. 6. Sea surface pressure under A and SW Weather Types.
Table 1
Summary of fire activity per WT and season (1974–2015). N, number of fires; B. Area, total burned area (ha); Avg. size, average size of fires; and Median size, median
size of fires.
Summer Winter
WT N B. Area Avg. size Median size N B. Area Avg. size Median size
A 14307 309767 21.6 4.1 14643 150671 10.3 4.0
C 26407 1046731 39.6 5.0 5828 77786 13.3 4.0
E 41810 1040345 24.9 5.0 20142 240110 11.9 4.0
N 14599 383603 26.3 4.4 5323 102285 19.2 3.5
NE 24035 673551 28.0 4.9 8632 101398 11.7 4.0
NW 7665 247644 32.3 4.5 4591 111942 24.4 4.0
S 7760 281687 36.3 5.0 11351 143341 12.6 4.5
SE 22136 692459 31.3 5.0 20531 255648 12.4 5.0
SW 6704 200511 29.9 5.0 18791 308867 16.4 4.1
W 5608 152651 27.2 4.0 10684 124351 11.6 4.2
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found a set of 5 clusters of WTs in winter fire frequency. Clusters 1, 2
and 4 include a small number of fires (< 5% each), whereas clusters 3
and 5 account for more than 75% of total fires, even though their
spatial distribution is very different and the area affected differs sig-
nificantly (29.9% and 50.9%).
Cluster 1, characterized by northerly flows (NW, 35.5% and N,
39.1%), and includes fires located along the mid-Mediterranean
coastland in the lee of the Iberian Mountain Chain. Cluster 2 is domi-
nated by the NE pattern (74.5% of fires) and to a lesser extent by N
(20.4%); fires are found in the extreme northeast from the coast to the
inland. Cluster 3 contains 30% of total fires and is related to SW
(29.2%) and southerly flows (SE, S), also westerly (W), each having
more than 10% of fires. Also, over 10% of events are linked to A pat-
terns. Fires occur especially in the northern coastal areas. Cluster 4
includes a low percentage of fires, even though they appear to be a very
specific case, given their location at the foothills of the northern inland
plateau, mostly related to easterly flows (NE, E and SE), but pre-
dominantly under A conditions (34.1%). Finally, Cluster 5 includes a
high percentage of winter fires (41.8%) and is mostly linked to easterly
and southerly flows, E, SE and SW (not S with < 10%), and A synoptic
conditions. The fires are confined to the extreme northwest of the
Iberian Peninsula, and also on the north versant of the Central
Mountain range.
3.3.2. Burned area
Summer fire analyses identified 3 different spatial aggregations
among burned area and WTs (see Fig. 9 and Table 6).
Generally speaking, the spatial aggregation of burned areas under
WTs is more diverse than that observed for fire frequency, because fire
spread is more complicated than ignition, with a number of factors
involved in the final dimensions of a fire (fuel load, extinguishing
methods, etc.). Clusters 1 and 2 include most of the burned land, while
Cluster 3 shows a much smaller area (Table 6). It is noticeable that no
cluster contains more than 10% of the area burned under A conditions,
but the three clusters include more than 10% of burned area under C
conditions. Cluster 1 is related to easterly flows (NE, E and SE) and C
conditions, and is strongly identified in the extreme northwest and
Mediterranean coastland. Cluster 2 occurs mainly under C and E con-
ditions, and to a lesser extent SE and N. Finally, Cluster 3 is linked to
several WTs, mostly C and S (Fig. 9).
In the end, five clusters were detected for winter fires, according to
the total burnt area (Table 7, Fig. 10).
The most prominent and frequent WTs were E and SE flows, but the
cluster differs not only in the overall contribution of WTs, but also in the
number of synoptic conditions, which are fewer than in summer time.
Cluster 1 is related to E and SE flows (particularly SE) and A conditions.
Fires are mostly located in the west of the Iberian Peninsula. Cluster 2
contains the most extensive area (38.2%), mainly relating to the southern
flow from E to W conditions. Although SW predominates, atmospheric
conditions identifying the cluster are very variable, even though the
spatial location of the area is mostly confined to the north and eastern
coastland zones (Fig. 10). Cluster 3 is mainly related to westerly flows
(SW, W and NW), and also C conditions, with most of the fires again
located in the eastern part of the Iberian Peninsula. Cluster 4, on the
other hand, is linked to easterly flows (NE, E, SE), also A, with no clear
distribution pattern on a spatial level. Finally, Cluster 5 is well-defined in
the extreme northwest and some areas of the eastern coastland. It is
mostly linked to E and SE flows, but also N conditions (Fig. 10).
Table 2
Long summer season, Dunn test pairwise comparison, following the Kruskal-Wallis test, between fire size under different WTs. (*) significance at p < 0.05.
A C N NE E SE S SW W
C −10.09*
N −4.83* 4.65*
NE −2.94 8.27* 2.45
E −11.14* −0.40 −5.31* −9.50*
SE −9.41* 0.42 −4.13* −7.50* 0.84
S −6.31* 1.22 −2.29 −4.44* 1.53 0.90
SW −6.42* 0.70 −2.59 −4.63* 0.97 0.42 −0.36
W −0.01 7.11* 3.60* 2.07 7.57* 6.73* 5.06* 5.24*
NW −4.41* 3.25* −0.40 −2.40 3.65* 2.89 1.64 1.94 −3.54*
Table 3
Long winter season, Dunn test pairwise comparison following the Kruskal-Wallis test, among fire size under different WTs. (*) significance at p < 0.05.
A C N NE E SE S SW W
C 6.55*
N 5.15* −0.99
NE 15.54* 6.45* 7.36
E 1.75 −5.54* −4.12* −14.91*
SE 0.23 −6.66* −5.20* −16.24* −1.66
S −8.23* −12.68* −11.17* −21.98* −10.40* −9.02*
SW −21.34* −22.46* −20.47* −34.32* −25.08* −23.56* −11.12*
W −5.73* −10.70* −9.26* −19.61* −7.68* −6.32* 2.23 13.40*
NW 6.71* 0.61 1.54 −5.33* 5.78* 6.80* 12.38* 21.19* 10.56*
Table 4
Cluster analysis for summer fire frequency.
ID Cells (%) Fires (%) A C N NE E SE S SW W NW
1 689 36.1 27938 16.3 0.5 30.9 12.0 5.4 8.5 34.7 2.0 0.1 0.1 5.7
2 221 11.6 14041 8.2 1.2 14.6 13.1 20.2 13.8 19.3 15.7 1.7 0.1 0.3
3 189 9.9 18381 10.7 12.2 13.8 3.6 8.6 27.6 11.9 2.5 8.6 8.4 2.9
4 809 42.4 91066 53.2 10.7 13.1 7.4 18.4 35.7 6.7 0.9 2.5 2.1 2.6
Total 1908 151426 88.5
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4. Discussion and conclusions
Fires are one of the main natural and man-made disasters on the
Spanish mainland, and the events during the autumn of 2017 were the
latest case in which weather conditions of wind coupled with drought
caused widespread damage in the northwest, including casualties, ex-
tensive burned areas and significant economic loss.
In this research, we have tried to improve the knowledge of fire
incidence by studying the atmospheric weather conditions defined by
the WTs, using historical fire records from 1974 to 2014. As WTs re-
sume the atmospheric continuum, they provide data on the origin of
flows and indirectly suggest information on temperature and humidity
conditions. As we stated in previous paragraphs (see introduction sec-
tion), this approach has been used in former fire research around the
Mediterranean basin. Based on this, the present paper gives a detailed
analysis of the relationship between atmospheric WT, fire ignition and
burned area in Spanish mainland with the aim of finding information
valuable to fire management practices, particularly at prevention
stages.
Overall, we observed how just a few situations trigger most fires
(SE, E, C, SW and A patterns), whereas the burned area is connected to a
larger number of WTs. Our findings support the existence of very
contrasting summer and winter fire-prone WTs. While eastern flows
contribute during the whole year, the influence of the other WTs is
often limited to a single season.
The seasonal analysis identifies differences between long summer
and winter seasons. Summer fires are triggered in close association with
low-pressure systems defined by the C pattern (occasionally thermal
lows), and easterly advections (SE and E) promoted by high pressure
centers located to the north or northwest of the Iberian Peninsula.
Similarly, C and E situations seem to promote the largest fires during
the summer season (Table 2). Meanwhile, winter fires seem to be re-
lated to a larger number of WTs, with easterly synoptic patterns (such
as E, SE) being the most effective in terms of number of ignitions, but
also the Atlantic westerly advection. It is noticeable that the A pattern
emerges as a highly frequent weather condition under which fire starts.
Southerly advections (SW and S) are observed to boost fire size, and are
related to larger fires during winter (Table 3). In general terms, both the
number of fires and burnt area are lower in any WT in winter than in
summer.
The aforementioned associations are not spatially stationary. The
cluster analysis enabled a number of spatial configurations to be cap-
tured, suggesting that the link between WTs and fires is spatially de-
pendent. The northwest region responds mostly to eastern flows during
summer, with a fairly large contribution of SE advections in winter.
Westerly advections, such as SW and W, account for the majority of fire
activity on the northern face of the Cantabrian Mountains during
winter. Fires in the northern Mediterranean coast are promoted by
northerly flows (N and NE), whereas the mid-Mediterranean area re-
sponds to NE during summer and NW during winter. Fire incidence in
southern regions occurs particularly in summer, linked to C and SE
extreme heat episodes. This multiplicity of spatial patterns and WTs
gives information on the complexity of weather-fire interactions.
One of the most striking results is that fires usually increase in the
lee of mountain ranges, depending on the prevalent flow from WTs, and
thus should be related to adiabatic heating of the air flow that may
enhance fire ignition, because of decreased relative humidity, according
to the Clausius-Clapeyron law, thus promoting dry conditions and more
Fig. 7. Spatial distribution of summer clusters of fire frequency (left) and contribution of directional WTs (right).
Table 5
Cluster analyses, winter fire frequency.
ID Cells (%) Fires (%) A C N NE E SE S SW W NW
1 132 13.0 4130 3.4 4.2 1.1 39.1 8.5 1.2 4.6 0.0 0.0 5.8 35.5
2 93 9.1 2059 1.7 3.3 0.0 20.4 74.5 0.0 0.0 0.0 0.6 0.0 1.2
3 304 29.9 43615 36.2 11.9 4.1 0.5 1.0 9.8 12.4 12.6 29.2 17.5 1.0
4 103 10.1 5086 4.2 34.1 0.8 4.6 10.0 17.4 14.2 3.7 7.1 4.2 3.9
5 518 50.9 50378 41.8 11.4 4.0 1.6 7.0 27.8 27.0 8.7 10.3 1.8 0.4
Total 1018 105268 87.3
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Fig. 8. Spatial distribution of winter clusters of fire frequency (left) and contribution of directional WTs (right).
Fig. 9. Spatial distribution of summer clusters of burned area (left) and contribution of directional WTs (right).
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hazardous fuels (Holsinger et al., 2016; Salis et al., 2016). This is the
case of summer fires on the northern side of the central inland moun-
tain ranges under E and SE flows, the northern coastland under SW and
S conditions during winter, and lastly, the eastern coastal areas under
NW and W flows. Nevertheless, the spatial pattern identified for forest
fires should also be related to other factors, such as the spatial con-
tinuum of vegetation cover, its phenology, and the previous weather
conditions.
In contrast, we did not detect a clear spatial pattern of WTs in
burned area during summer, because the affected area depends on more
factors, particularly during the initial stages. Thus, fire events during
summer last longer than in winter (MAPAMA, 2012), and, since our
analyses only include the synoptic WT on the day of ignition, we are not
addressing the full picture. Further research on this topic (i.e. WTs
during previous days) should be done. However, similar to fire fre-
quency, eastern advections and cyclonic situations regulate most of the
burned area during summer. Again, it is worth mentioning the role of
southerly advection, which promotes increased burned areas in the
Table 6
Cluster analyses, summer burned area.
ID Cells (%) Fires (%) A C N NE E SE S SW W NW
1 1189 52.8 2491862 49.6 9.0 12.2 5.4 20.4 24.4 13.5 2.4 5.9 4.0 2.8
2 635 28.2 1736363 34.5 3.5 31.8 12.0 7.4 22.1 13.3 3.3 1.7 1.7 3.1
3 430 19.1 685084 13.6 1.6 27.9 2.8 5.5 9.0 15.6 20.7 0.7 0.7 15.5
Total 2254 4913311 97.7
Table 7
Cluster analyses, winter burned area.
ID Cells (%) Fires (%) A C N NE E SE S SW W NW
1 151 11.1 146573 9.1 11.5 1.1 0.7 1.2 13.6 43.6 4.4 14.2 7.9 1.6
2 353 26.0 618192 38.2 8.1 4.7 2.9 1.7 10.4 12.7 11.1 36.4 10.4 1.5
3 242 17.8 219446 13.6 2.7 10.4 3.6 2.0 2.9 6.0 9.4 14.2 10.8 38.1
4 317 23.3 315640 19.5 18.4 3.0 6.0 13.4 16.4 21.3 6.9 7.6 4.5 2.5
5 296 21.8 265831 16.4 2.6 0.6 17.5 9.2 39.8 15.7 6.6 6.9 0.5 0.6
Total 1359 1565681 96.9
Fig. 10. Spatial distribution of winter clusters of burned area (left) and contribution of directional WTs (right).
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hinterlands and was identified as ‘more effective’ than A and NE si-
tuations in terms of fire size (Table 1). In turn, the spatial distribution of
clusters of winter burned areas closely follows the pattern of fire fre-
quency, suggesting that weather conditions during fire ignition control
the ultimate size of fires to some extent. This is particularly interesting
in the case of the S pattern which, despite being the most uncommon
WT (Fig. 4), favors larger fires (Duane and Brotons, 2018).
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